Vol. 66 STRUCTURE OF ASPERTHECIN 237 heating in aqueous N-NaOH (12-0 ml.). The solution, cooled to room temp., was mixed with a cold solution of KMnO4 (2-107 g._3 atoms of 0) in water (100 ml.). The mixture was kept at room temp. overnight and acidified with 2N-H2SO4, and SO2 was passed to give a clear colourless solution, which was evaporated to about 50 ml. The resulting colourless crystalline solid (1.38 g.; m.p. 180-181' with effervescence) was collected, and ether extraction of the filtrate gave 0-94 g. of less pure material, m.p. 140-1500. The first crop was purified by crystallization from water, giving 3:4-dimethoxy-5-methylphthalic acid as colourless prisms, m.p. 184-185°(with effervescence) (Found: C, 54-6; H, 4-99; OMe, 26-2%; titration equiv., 123-6. C0LH1206 requires C, 55-0; H, 5-03; 2 OMe, 25-8 %;
The work described in this paper, which was carried out in 1950-52 and which has been the subject of a preliminary communication (Ashbolt & Rydon, 1952) , was undertaken in an attempt to find some chemical parallel for the marked biochemical and toxicological difference between dii8opropyl phosphorofluoridate (DFP) and its chlorine-containing analogue diisopropyl phosphorochloridate (DCIP); as is well known, DFP is very toxic and a potent inhibitor of several esterases (notably cholinesterase, chymotrypsin and trypsin), whereas DC1P is not markedly toxic and is not a powerful enzyme inhibitor. The discrepancy between the chemical and biochemical activities of the two compounds is very striking, since in general DC1P is chemically the more reactive of the two (cf. Saunders & Stacey, 1948;  Wagner-Jauregg, O'Neill & Summerson, 195 1) . It is well established that the inhibition of chymotrypsin by DFP involves the dii8opropylphosphoryl-ation of a single amino acid side chain (Jansen, Nutting, Jang & Balls, 1949 and the same mechanism is highly probable for the inhibition of other enzymes by DFP. We decided accordingly to study the action of DFP and DC1P on a number of amino acids under 'physiological' conditions (aqueous solution, pH about 7, 370) in the hope of finding some difference between the two phosphorus compounds in this respect; a number of other anticholinesterases were included for the sake of completeness. Mazur (1946) Milton, Liddell & Chivers (1947 , with Chrome Azurol S as indicator.
x-Amino groups were estimated colorimetrically (Yellow Filter no. 606 ) by the method of Moore & Stein (1948) , with the modified ninhydrin reagent of Rydon & Smith (1955 Table 2 . Solvents: A, n-Butanol-acetic acid-water (4:1:5); B, n-butanol-pyridine-water * Neither spot was visible when the paper was dusted with copper carbonate before being sprayed with ninhydrin (Crumpler & Dent, 1949) ; this shows that both contain free a-amino groups.
Liberation offluoride ion. Isolation and synthesis of reaction products Isolation. (a) L-Tyrosine (3 g.), DFP (25 ml.) and NaHCO3 (25 g.) were stirred in water (100 ml.) at 450 for 11 days. The mixture was then filtered and the solid washed with water until paper chromatography showed the washings to be free of the required product. The filtrate and washings were then evaporated to dryness under reduced pressure and the residue was extracted thoroughly with absolute ethanol. The extract was evaporated to dryness under reduced pressure and the residue dissolved in water (55 ml.); this solution was run through a column (14 cm. x 2-3 cm.) of charcoal ('decolorizing charcoal', British Drug Houses Ltd.) (28 g.), deactivated with KCN (Schramm & Primosigh, 1943) . Elution was carried out with 5 % (w/v) phenol in 20 % (v/v) acetic acid, and those fractions found by paper chromatography to contain the required product were evaporated and freed from phenol by steam-distillation under reduced pressure. Two precipitations from ethanol with ether, followed by two recrystallizations from water, (b) L-Tyrosine (1 g.) was stirred with DFP (4 ml.) in 8% (w/v) aqueous NaHCO3 (150 ml.) at 400 for 3 days; more DFP (4 ml.) was then added and the mixture again stirred overnight. The product was filtered and the filtrate treated with NaHCO3 (2-5 g.) and 1-fluoro-2:4-dinitrobenzene (2.5 g.) in ethanol (7 ml.). After being shaken for 3 hr. at room temp., the mixture was concentrated to 70 ml. and then diluted to 250 ml. with water and extracted thoroughly with ether. The residual solution was acidified and ether was added. The crystalline precipitate (1-5 g.; 53 %) was collected by filtration and recrystallized, thrice from aqueous methanol and twice from anhydrous methanol. Synthesis. L-Tyrosine ethyl ester hydrochloride (6-8 g.) was shaken at 00 with CHCl3 (100 ml.) and N-NaOH (34 ml.) until solution was complete. p-Bromobenzyl chloroformate (6-8 g.) and a solution of Na2CO3 (4-1 g.) in water (30 ml.) were then added, in alternate small portions, with vigorous shaking, during 20 min. More CHCl3 (200 ml.) was added and the organic layer separated, washed with 2N-HCI, dried and evaporated. Recrystallization of the residue from CHCl3-light petroleum (b.p. 60-80°) gave N-p-bromobenzyloxycarbonyl-L-tyrosine ethyl ester (9.4 g.; 82 %) as needles, m.p. 117-119°; an analytical specimen, thrice recrystallized from CHCl3-CCl4 and once from light petroleum (b.p. 60-800), had m.p. 120-121°(Found: C, 54-1; H, 4 9; N, 3-5.
Cl9H205NBr requires C, 54 0; H, 4-7; N, 3.3%).
This ester (2 g.) was shaken at room temp. with N-NaOH (10 ml.). Solution was complete in 10 min. and 0 5N-HCI (40 ml.) was added after 15 min. The crystalline precipitate was dissolved in 3% sodium acetate (50 ml.) and reprecipitated by acidification. Three crystallizations from 30 % (vlv) ethanol and one from ethyl acetate-light petroleum (b.p. 60-80°) gave N-p-bromobenzyloxycarbonyl-L-tyrosine (1-6 g.; 85%) as needles, m.p. 156-157°(Found: C, 51-7; H, 4-1; N, 3-4. C17H1605BNr requires C, 51-8; H, 4-1; N, 3.6%).
This compound (2.3 g.), in water (70 ml.) containing Na2CO3 (15 g.), was stirred for 40 hr. at 400 with DFP (20 ml.). The mixture was extracted with ether and the residual aqueous solution acidified. The precipitated oil was extracted with ether and the dried extract evaporated to dryness, yielding a gum (2-3 g.). A portion (1 g.) of this was dissolved in CHC13-light petroleum (b.p. 60-80°); on cooling the solution deposited diisopropyl N-p-bromobenzyloxycarbonyl-L-tyrosine 0-phosphate (390 mg.; 29%), m.p. 85-95°[Found: C, 49 7; H, 5 0; N, 2-8%; equiv. (by titration), 550. C23H2,O8NBrP requires C, 49 5; H, 5-2; N, 2-5 %; equiv. 558]. The remaining gum (1.3 g.) was dissolved in methanol (10 ml.) and shaken in hydrogen in the presence of Adams's catalyst (100 mg.). Evolution of CO2 became very slow after 4-5 hr. and the filtered solution was then evaporated to dryness. The residue failed to crystallize, but on paper chromatography with butanol-acetic acid-water (4:1:5) gave only one spot, R, 0-63, inseparable from diisopropyl L-tyrosine 0-phosphate. Treatment with fluoro-2:4-dinitrobenzene in aqueous ethanolic Na2CO3 as usual gave diisopropyl N-2:4-dinitrophenyl-L-tyrosine 0-phosphate, m.p. 157-159 , not depressed on admixture with material prepared from DFP and L-tyrosine directly.
Hydrolysis. The rates of hydrolysis of diisopropyl Ltyrosine-O-phosphate in 0-012m solution in N-NaOH at 370 and in 0 011 M-solution in N-H2SO4 at 1000 were determined, the liberation of phenolic hydroxyl groups being followed colorimetrically by the method of Folin & Ciocalteu (1927) . The reactions satisfactorily obeyed first-order kinetics, with the following constants: alkaline hydrolysis, kL=0-0046 min.-'; acid hydrolysis, k1c=0-0016 min.-'. N-(Diisopropylphosphoro)-DL-phenylalanine. DCIP (2-9 g.) was added at 00 to DL-phenylalanine (2-0 g.) in ethanolic sodium ethoxide (from sodium, 0-6 g., and ethanol, 100 ml.). After 5 hr. at 00, the solution was filtered and the filtrate evaporated to dryness under reduced pressure. The residue was dissolved in ice-water and extracted with ether; acidification of the aqueous residue, followed by extraction with ether, afforded N-(diisopropylphosphoro)-DL-phenylatanine (2-1 g.; 53 %) as needles, m.p. 126-1300, raised to 133-134' by recrystallization from CCl4-benzene and CHCl2-hexane [Found: C, 55 0; H, 7-3; N, 4-3%; equiv. (by titration), 321. C1lH2405NP requires C, 54-7; H, 7-3; N, 4.3 %; equiv., 329] .
RESULTS
Our findings concerning the action of DFP and DC1P, and three other anticholinesterases, on nine amino acids are summarized in Table 4 .
It is clear that DFP differs markedly from DC1P in that it alone reacts appreciably with the phenolic hydroxyl group of tyrosine under 'physiological' conditions; the nature of the reaction as a diisopropylphosphorylation of the phenolic hydroxyl group has been completely established by isolation of the product (I) and its identification by direct comparison with a synthetic specimen. [Jandorf, Michel, Schaffer, Egan & Sunumerson (1955) claim that Jandorf, Wagner-Jauregg, O 'Neill & Stolberg (1952) have also obtained 'evidence for a phosphorylation of tyrosine by alkylphosphorohalidates in model systems', but reference to the latter paper reveals no direct evidence to support this claim.] (Pro)2 PO-F + HO CH2*CH(NH2)*CO2H -HF + (Pr*0)2PO*O CH2 CH(NH2)*CO2H
(I) Tyrosine, alone of the nine amino acids studied, competes successfully with water for DFP at pH 7-8. The rate of liberation of fluoride ion is Inot noticeably affected by the presence of tyrosine (Table 1) , a circumstance which explains the failure of Mazur (1946) to observe the reaction. A minor reaction with DFP is the diisopropylphosphorylation of the c-amino group which occurs, to a small extent, with both tyrosine and phenylalanine; this property is also possessed, but to a lesser degree, by DC1P. 
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- (0) - (0) ( 0) - (0) Of the other anticholinesterases we have studied only TEPP has been found to react with amino acids under the conditions of our experiments. Tetraethyl pyrophosphate (TEPP) differs from DFP in being much less specific in its reactivity towards amino acids, reacting, not only with the phenolic hydroxyl group of tyrosine, but also, and with comparable ease, with the cc-amino groups of tyrosine and phenylalanine and with the 6-amino group of lysine; TEPP is slightly reactive towards both the oc-amino and ,-hydroxy groups of serine and is the only one of the anticholinesterases we have found to react at all with serine under the conditions of our experiments.
DISCUSSION
The marked difference in the reactivities of DFP and DC1P towards the phenolic hydroxyl group of tyrosine suggests some connexion between the similar difference in the capacities of fluorine and chlorine to form hydrogen bonds, and it seems likely that the reaction of DFP with tyrosine involves a hydrogen-bonded intermediate, such as (II);
Opr (II) hydrogen-bonded intermediates, of somewhat different type, have been postulated by Epstein, Rosenblatt & Demek (1956) in the reaction of phosphorofluoridates with catechol.
The relevance of our findings for the important question of the biochemical mode of action of DFP is not clear. When our results were obtained it was tempting to conclude that the inhibition of esterases by DFP was due to dii8opropylphosphorylation of one of the tyrosine side chains in the enzyme molecule (cf. Ashbolt & Rydon, 1952) , especially since such side chains have been indicated as being involved in the active centres of both cholinesterase (Wilson & Bergmann, 1950) and chymotrypsin (Sizer, 1945) ; there are, however, several major pieces of evidence which stand in the way of this obvious conclusion. First, O-phosphorylserine a-id peptides of O-phosphorylserine have been isolated from hydrolysates of DFP-inhibited enzymes (Schaffer, May & Summerson, 1953 Cohen, Oosterbaan & Warringa, 1954 , 1955 Schaffer, Harshmann, Engle & Drisko, 1955; Schaffer, Engle, Simet, Drisko & Harshmann, 1956; Turba & Grundlach, 1955; Oosterbaan, Kunst & Cohen, 1955; Oosterbaan, Warringa & Jansz, 1955) , although it is recognized that this is not proof of primary attack at a serine side chain (cf. Jandorf et al. 1955) . Secondly, the reaction of DFP with tyrosine is very slow compared with its inhibiting action on esterases. Thirdly, there is evidence which suggests that histidine may be involved in the primary attack (Wilson & Bergmann, 1950; Doherty & Vaslow, 1952; Wagner-Jauregg & Hackley, 1953; Weil, James & Buchert, 1953) . Fourthly, Jandorf et al. (1955) have shown that tyrosine is involved in a slow further reaction of DFP with enzymes, subsequent to the initial fast inactivation, and other proteins. None of the current views on the mode of action of DFP are, however, capable of explaining the fact that one, and only one, amino acid side chain is involved in the inactivation process, whereas the enzyme molecules all contain more than one residue ofthe implicated amino acids. It seems clear that the inhibition process involves some exceptionally reactive side chain, which presumably owes its enhanced reactivity to some form of interaction with neighbouring side chains; a constellation of side chains, rather than a single side chain, is involved, and the question whether this contains one or more of the amino acids serine, histidine and tyrosine must remain open for the present.
It is clear from Table 4 that TEPP is more reactive, but less selective, towards amino acids than DFP; this may be of significance in view of the notable differences between DFP-and TEPPinhibited enzymes towards reactivation (cf. Wilson, 1955) . SUMMARY 1. The action ofdiisopropyl phosphorofluoridate, dii8opropyl phosphorochloridate and some other phosphorus-containing anticholinesterases on a number of amino acids under 'physiological' conditions has been studied.
2. Dii8opropyl phosphorofluoridate, but not dii8opropyl phosphorochloridate, has been shown to react with the phenolic hydroxyl group of tyrosine under these conditions. 3. Tetraethyl pyrophosphate is more reactive, but less selective, than diisopropyl phosphorofluoridate towards amino acids.
4. The significance of these findings for the problem of the mode of action of dii8opropyl phosphorofluoridate and other anticholinesterases is discussed briefly.
